a r t i c l e s ADPKD, the most common monogenic genetic disease, affects at least 1 in 800 live births 1 . Progressive formation and enlargement of fluidfilled cysts cause loss of kidney function and end-stage renal disease in half of people over 60 years old with ADPKD 2 . Cysts also form in the pancreas and liver, and there is an increased risk of cardiovascular dysfunction 3 , hypertension 4 , cerebral aneurysms and inflammation 5 . 15% of cases of ADPKD are caused by mutations in the PKD2 gene, which encodes the polycystin-2 (PC2) protein 6 , and 85% of cases are caused by mutations in the related PKD1 gene, which encodes the polycystin-1 (PC1) protein 7 . ADPKD is thought to be a ciliopathy, a disease associated with changes in cilia function. PC2 is also required for the correct establishment of left-right asymmetry in response to the cilia-driven leftward flow of fluid in the embryonic node during embryogenesis. Left-right patterning defects have been observed in Pkd2 −/− mouse embryos 8, 9 and in some people with ADPKD 10 . PC1 and PC2 are found in cilia 11, 12 , but the roles that they play in this organelle are debated. A PC1-PC2 complex might act as a mechanosensitive cation channel in cilia 13 , providing Ca 2+ influx when cilia are bent 14 , although this view has recently been challenged 15, 16 . PC2 also acts as a calcium-regulated cation channel in the endoplasmic reticulum (ER) 17 and is found in the plasma membrane 18 and lateral cell-cell junctions, where it facilitates cell-cell contact, cellular polarity, cell division and apoptosis.
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PC2 is a TRP-nonselective, Ca 2+ -permeable cation channel 19 that is regulated by diverse stimuli including divalent cations 17, 20 , pH 21 , voltage 21 and phosphorylation 22 . PC1 has a channel-like domain that is homologous to that of PC2 (ref. 6) (Supplementary Fig. 1 ). PC1 and PC2 form a complex, possibly through association of their C-terminal coiled-coil domains, and this complex facilitates trafficking to cilia 23 . PC2 is also thought to form complexes with several other channels and cytoskeletal proteins 22 . Mutations in the PKD1 and PKD2 genes in people with ADPKD occur throughout both genes and include types as diverse as deletions, insertions, frameshifts, splice variants, nonsense mutations and missense variants (http://pkdb.mayo.edu/). Although ADPKD inheritance is dominant, ADPKD is believed to be caused by loss-of-function mutations 24 , with a 'second hit' , such as a mutation of the second allele or the occurrence of tissue damage initiating cyst formation 25, 26 . A total of 27 missense variants have been identified in the channel region in people with ADPKD, but the mechanisms through which these variants affect PC2 function remain unclear.
RESULTS

PC2 structure determination
To understand the structural basis for ADPKD, we determined the structure of the PC2 channel and the associated domain that resides in the ER lumen or cell surface, by using cryo-EM. We selected a truncated PC2 construct (spanning residues Pro185 to Asp723) after extensive optimization for crystallization, which yielded crystallographic data to 4.2-Å resolution (Online Methods). We used this construct, which comprises the S1-S6 transmembrane helices (TMHs) and the 'extracellular loop' regions between the voltage-sensor helices, for cryo-EM data collection (Online Methods and Table 1 ). We reconstructed the PC2 tetramer from 19,546 particles selected 1 Structural Genomics Consortium, University of Oxford, Oxford, UK. 2 Department of Pharmacology, University of Oxford, Oxford, UK. 3 Oxford Particle Imaging Centre, Division of Structural Biology, Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, UK. 4 Present address: Astex Pharmaceuticals, Cambridge, UK. 5 These authors contributed equally to this work. Correspondence should be addressed to J.T.H. (juha@strubi.ox.ac.uk) or E.P.C. (liz.carpenter@sgc.ox.ac.uk).
from an initial data set of 150,882 particle images recorded on a direct electron detector. From these particles, we obtained a map of PC2, through gold-standard refinement, with an overall resolution of 4.2 Å, as estimated by Fourier shell correlation. At this resolution, we were able to build an atomic model for the S1-S6 region and the ER-lumen and extracellular domain de novo, without reference to other TRP channel structures (Online Methods, Fig. 1 and Supplementary  Figs. 2 and 3) . We confirmed cysteine positions in the TM region by using the location of anomalous difference peaks in a map calculated from an 8.5-Å mercury-derivative X-ray data set ( Supplementary  Fig. 3g and Online Methods). The PC2 P185-D723 construct behaved as a voltage-sensitive, cation-selective ion channel, exhibiting complex subconductance gating behavior when it was reconstituted into artificial membranes under voltage-clamp conditions (further details in Online Methods, Fig. 1d ,e, and Supplementary Fig. 4 ). It also retained functional properties such as sensitivity to block of K + current by Ca 2+ and amiloride, as observed in the full-length channel 20, 27, 28 ( Supplementary Fig. 4h-j) . When we incorporated control liposomes without PC2 P185-D723 into the bilayer, we observed no single-channellike events (Supplementary Fig. 4g ). Together, these functional data confirmed that the truncated PC2 P185-D723 construct retained many of the characteristics reported for the full-length channel.
Overall architecture of the PC2 structure As anticipated, PC2 has a classic TRP channel fold with a polycystinspecific domain locked onto the ER lumen or extracellular surface of the channel (Fig. 1) . The first four TMHs (S1-S4) form a VSLD followed by a pore domain with two TMHs (S5 and S6) separated by a pore helix (PH1), the selectivity filter and a second short pore helix (PH2). The VSLD interacts with the pore domain of the adjacent chain in the tetramer. This architecture is common to many voltagegated ion channels (VGICs) 29 and TRP channels 30, 31 ( Supplementary  Fig. 5 ). The PC2 VSLD forms a classic VGIC four-helix bundle, but, like other TRP channels, it lacks the four arginine residues (R1-R4) on S4 (Supplementary Fig. 5e ,f) that are responsible for voltage sensing in classic VGICs 29 . Two conserved lysine residues (Lys572 and Lys575) at the C-terminal end of S4, the first of which occupies the R4 position, may contribute to the PC2 voltage sensitivity 21 ( Fig. 1e and Supplementary Fig. 4 ).
The TOP domain PC2 is unusual among the TRP channels in that it has two extensions to the VSLD loops, referred to as 'loop 1' and 'loop 3' , whose structures and roles have been unclear. We solved the structure of this region, revealing a novel highly structured domain that we designated the TOP domain (referred to as the polycystin domain in Shen et al. 32 ). PC2 is present in a variety of membranes, including the plasma membrane and those of the ER and cilia. When PC2 is in the ER, the TOP domain resides in the ER lumen, and when it is in the plasma membrane or the cilia, it is on the extracellular surface. In kidney tubule epithelial cells, it resides in the renal tubule lumen. The TOP domain comprises loop 1, a 219-residue insertion (Ser244 to Leu462) between S1 and S2 of the VSLD, packed against a 20-residue extension to the S3-S4 loop (Val532 to Leu550) (Fig. 2a-c) . It contains a central five-stranded antiparallel β-sheet and three α-helices (α1-α3) on one face that together form the upper surface of the domain. The lower surface of the β-sheet, facing the poredomain surface, is covered by two elements: the VSLD S3-S4 loop extension (including helix S3b) and a β-hairpin (Fig. 2c) . A notable feature of all polycystins is the 'polycystin motif ' 33 , which lies in the core of the TOP domain, forming strand β1 and the start of the first β-hairpin in the TLC (Fig. 2d) . The β-hairpin is part of an unusual extended structure that resembles a three-leaf clover (TLC) consisting of three irregular β-hairpins arranged approximately 90° to one another, which we refer to as the TLC extension (Fig. 2c,e) . The three TLC β-hairpins may be involved in cooperativity among channel subunits by forming connections with different parts of the channel. The first β-hairpin (TLC1) connects adjacent TOP domains, extending as far as the S3-S4 extension of the adjacent TOP domain (Fig. 3) , the second β-hairpin (TLC2) wraps around the edge of the β-sheet, and the third β-hairpin (TLC3) extends toward the pore. The three TLC β-hairpins therefore link adjacent TOP domains, the S3-S4 extension and the pore turret.
Glycosylation of the TOP domain is important for stability and trafficking of PC2 (ref. 34) . Despite extensive enzymatic deglycosylation, three of the five proposed N-glycosylation sites (Asn328, Asn362 and Asn375) have one or two N-acetylglucosamine (NAG) units resolved; Asn299 is in the Ser298-Ala303 region, which is not 
a r t i c l e s 1 1 6 VOLUME 24 NUMBER 2 FEBRUARY 2017 nature structural & molecular biology a r t i c l e s resolved in this structure, and Asn305 is adjacent to the disordered region, and its glycosylation status is unclear (Supplementary Fig. 3f ).
The functional relevance of the glycosylation sites in PC2 has been discussed previously 35 . The extensive interactions among the TOP domains and the channel surface are clearly important for the stability of the PC2 structure, and they may also play a role in cooperativity among subunits. Four TOP domains assemble into a tightly packed tetrameric ring that extends 35 Å above the membrane, covering the luminal surface of the VSLD and the pore (Fig. 3a) . As viewed from above, the β-strands and α-helices form a square around a wide central opening. Each TOP domain forms extensive interactions with adjacent TOP domains and with the upper face of the channel (Fig. 3b,c) . The extensive TOP-domain interface (1,340 Å 2 ) comprises interactions between the loops and the TLC extension of one TOP domain and the loops at the other end of the β-sheet of the adjacent TOP domain. The first TLC β-hairpin contacts not only the β-sheet of the adjacent domain but also the S3b helix at the top of the adjacent VSLD, and this interaction allows for communication between one TOP domain and the S3-S4 extension in the adjacent chain, thus facilitating intersubunit cooperativity. Many of the residues involved in these interdomain contacts are highly conserved (as calculated from an alignment of 177 PC2 sequences with the ConSurf web server 36 ; Supplementary  Figs. 1 and 6 ). The tetrameric ring of TOP domains shows extensive interactions distal to the pore axis. Proximal to the pore axis, however, there are relatively few interactions, and a groove separates the individual TOP domains, thus providing a route for ions to approach the top of the pore filter.
Extensive interactions between the TOP domain and the top of the channel region of PC2 are important for regulation of channel function . Po FULL is significantly higher at negative potentials (in d and e, n = 5 independent experiments, mean ± s.e.m.; two-tailed Student's t test, *P < 0.05).
a r t i c l e s
by the TOP domain. The TOP domain directly contacts both the pore turret of the adjacent chain and the VSLD of its own chain, thereby providing opportunities for the TOP domain to influence the opening of the pore filter and consequently to control channel activity. The substantial interface (770 Å 2 ) between the TOP-domain β-sheet and the extended loop between S3 and S4 has several conserved residues and may be involved in regulation of the channel by the TOP domain ( Fig. 3c and Supplementary Fig. 6b ). Asn375 on the TLC extension is glycosylated, and the oligosaccharide chain is packed against S3b-S4 region; hence, glycosylation may be important for this interdomain interaction. The turret region of the pore of the adjacent protein chain (the S5-PH1 and the PH2-S6 loops) interacts with the TOP-domain helix α1 and the β5 strand, forming a contact surface that is also partially conserved ( Supplementary Figs. 1 and 6d) . Such interactions provide a connection between the voltage sensors and the turret region of the adjacent pore domains, thus providing a mechanism for cooperativity between neighboring chains.
Below the TOP domain, there is a wide upper vestibule that is accessible to the ER lumen or extracellular environment through an apical opening and four lateral portals (Fig. 4a,b) . The 9-Å-wide apical opening on the pore axis is at the center of the TOP-domain ring and is formed by the α1-α2 loop (EL1). Although the Thr265 and Lys267 side chains project into the opening, they would not impede cation movement (Fig. 3a) . It is possible that movement of the TOP domain toward the pore axis or movement of the α1-α2 loop might block the ion path. However, the loop residues are not conserved, so it seems unlikely that they are critical for channel gating. The lateral portals may provide an alternative route for ion entry into the upper vestibule. The 40-Å-wide and 20-Å-high upper vestibule has a highly negatively charged surface, and each protomer contributes seven acidic residues on the pore-domain upper surface and one on the TOP domain (Fig. 4c,d) . Mutation of two of these negatively charged residues (Asp643 and Glu648), results in changes in relative cation permeability 28 . The negative charge distribution in the upper vestibule would be expected to encourage cations to accumulate near the pore filter.
A pore domain with two closed gates TRP channels have two gates, one at the selectivity filter and the other at the lower gate, formed by S6; in this structure of PC2, both gates appear to be closed (Fig. 4e,f) . The PC2 S5-pore-S6 domain has a classic P-loop structure between S5 and S6, with a pore helix (PH1) and a two-residue pore filter (Leu641 to Gly642), followed by a three residue strand and a short second pore helix (PH2) (Fig. 5d) . This conformation resembles the closed conformations of other TRP channels 30, 37 ( Fig. 5a-c) . The narrowest parts of the pore filter, defined by opposing main chain carbonyl oxygens of Leu641 and Gly642, are only 4.8 and 4.2 Å wide. Therefore, the available radius of the pore filter is only 0.56 Å at Gly642 and 0.88 Å at Leu641 (taking into account the van der Waals radii of the carbonyl oxygen atoms, as calculated by HOLE 38 ). Not only would hydrated Na + , K + and Ca 2+ ions be too large to pass through, given their radii of more than 3.3 Å, but even dehydrated ions would be too large to permeate, because Na + , K + and Ca 2+ ions have radii of 1.2, 1.5 and 1.0 Å, respectively. The narrow pore filter is the result of PH1 being tilted upward by 10° compared with TRPV1, so that the pore filter is moved 3-4 Å up the pore axis (Fig. 5b,c) . External Ca 2+ inhibits monovalent cation currents in PC2, and the residue positioned at the entrance of the pore filter, Asp643, has been implicated in this process 28 . Asp643 may coordinate a Ca 2+ ion, thus blocking monovalent cation flux, as has been described for the Ca v Ab and TRPV6 channels 39, 40 , although in the closed PC2 structure, we did not observe ordered Ca 2+ ions. The TRPV6 structure also shows a partially hydrated Ca 2+ ion within the selectivity filter 40 , and accommodating this ion would require a pore radius of >2 Å at the selectivity filter, compared with 0.56 Å in PC2, thus further confirming that the selectivity filter is closed in this structure.
In addition to the closed selectivity filter, there are two further constrictions below the selectivity filter that are too narrow for hydrated ions to pass through, thus suggesting that the lower gate is also closed (Fig. 4e,f) . There is a narrowing of the central vestibule at Phe669 and a lower gate at the S6 helix bundle crossing below the central vestibule, Polycystin motif: Fig. 3f ).
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VOLUME 24 NUMBER 2 FEBRUARY 2017 nature structural & molecular biology a r t i c l e s involving residues Leu677 and Asn681 (Fig. 4e) . S5 is bent between residues Gly599 and Phe600, and S6 has a π-helix forming a bulge in the α-helix between Phe669 and Ile671, as seen in TRPV1 (ref. 30 ).
Mutation of Phe604 to proline caused constitutive PC2 channel activation in a model system, whereas the F604A and F604I mutations do not 28 . Phe604 lies near the S5 helix bend, with its side chain at the center of a cluster of hydrophobic side chains from S6 of the same chain (Met668, Leu672 and Phe676) and the adjacent chain (Phe666 and Phe670) (Fig. 5e) . The F604P mutation could constitutively activate the channel by disrupting both the S5 helix structure and the hydrophobic cluster that stabilizes the distortions of S5 and S6. Straightening of S5 and S6 may lead to movement of the lowergate residues Leu677 and Asn681, thus opening this gate through an activation mechanism similar to that seen in other TRP channels 30 .
The lower gate may also be controlled by changes in the cytoplasmic N-and C-terminal domains and their interactions with a r t i c l e s other proteins. The N terminus includes a ciliary targeting motif 41 . The C terminus contains two EF-hand motifs, which may act as a calcium sensor 42 , and a coiled-coil domain. The latter is believed to be required for hetero-oligomerization with interaction partners, including PC1 (reviewed in ref. 43) . The N and C termini of PC2 also mediate interactions with cytoskeletal proteins 44 , and they contain three phosphorylation sites [45] [46] [47] that may affect both interactions between individual PC2 domains and interactions with other proteins. The structure described here is truncated at both N and C termini, so these domains are not present. In general, however, the N-and C-terminal domains of PC2 may not be rigidly connected to the channel part of the structure 32, 35 , at least in some conformations adopted by PC2. The details and extent of these interactions, and the interactions between PC2 and other proteins, remain to be determined.
ADPKD-associated missense variants
Sequencing the PKD2 and PKD1 genes of people with ADPKD has identified at least 278 changes in the PKD2 gene and 2,323 changes in the PKD1 gene (http://pkdb.mayo.edu/). These changes result in truncations, insertions, deletions and frame-shift mutations in the PC2 and PC1 proteins. There are also a series of single amino acid substitutions, which we refer to as missense variants, rather than mutations, except in cases in which a change in activity has been demonstrated. At least 27 germline missense variants in the PC2 channel and TOP domain have been identified in people with ADPKD, but not in the general population (from the NCBI SNP 48 and ExAC databases (http://exac.broadinstitute.org/)). These missense variants are distributed throughout the structure but are more frequent in the TOP domain, which makes up only 40% of the PC2 channelregion sequence but has 60% of the ADPKD-associated missense variants in this region (Fig. 6a, Supplementary Table 1 and Supplementary Fig. 7) .
Many of the TOP-domain variants occur in residues that form the core of the TOP-domain fold, and changes in this region are likely to be destabilizing ( Fig. 6b,c; Supplementary Fig. 7 ). These TOPdomain variants include changes to side chains packed between the β-sheet and α-helices (W280R, Y292C and W414G); on the lower surface of the β-sheet (R322W and R440S); and on the TLC3 β-hairpin, which packs against the β-sheet (G390S and ∆Ser378). The guanidinium moieties of the Arg322 and Arg440 side chains are 4 Å apart, and they interact via the adjacent acidic side chains of Asp425 and Glu559. In addition, Arg440 is adjacent to the proposed lipid-binding site described by Wilkes et al. 35 and may stabilize the lipid head groups. The W414G mutation is intriguing because it shows decreased activity with effective trafficking in oocytes (in a model system with a gainof-function mutation 28 ) but shows loss of trafficking with conserved channel function in pig kidney epithelial cells 49 . Therefore the W414G mutation is capable of affecting both trafficking and channel function in an unpredictable way.
A total of 13 ADPKD-associated missense variants map to the conserved interface between adjacent TOP domains (Fig. 6b,c and Supplementary Figs. 6 and 7) . Arg420 lies directly between the subunits, and the pathogenic mutation R420G causes loss of ion currents 28 . In contrast, Arg325 is closer to the surface, where it forms a π-orbital stacking interaction with the side chain of Phe358. The R325P variant has little effect on ion flux 28 ; it may instead be important for trafficking of the PC1-PC2 complex. Arg420, Tyr345 and the adjacent Gly418 appear to be key residues, because they stabilize the intersection of the three TLC loops and the TOP-TOP interface, such that any mutation of these residues (for example, Y345C and G418V) would disrupt the TOP-TOP interface and interfere with the TOP-domain movements discussed in Wilkes et al. 35 (Fig. 6b,c) .
In addition to mutations in the TOP domain, there are four missense variants that fall within the VSLD and six that lie in the pore domain (Supplementary Table 1 and Supplementary Note). The well-characterized D511V channel-inactivating mutation 17, 28 lies on S3, and its side chain extends into the space between the S1-S4 helices (Fig. 6d) . It is central to a hydrogen-bonding network involving two intramembrane lysines that may be involved in voltage sensing (Lys572 and Lys575), as well as Tyr487, Glu491 and Asn508. Loss of the acidic group at the center of the hydrogen-bond network would a r t i c l e s disrupt the interhelix contacts within the VSLD and would affect changes in conformation 35 . Changes in the S5 helix also appear to affect channel function, notably in the region of Phe604 and Phe605. Site-directed mutagenesis of F604P leads to constitutive activation of the channel. Some people with ADPKD have a deletion of Phe605, and site-directed mutagenesis to remove Phe605 in a F604P background causes loss of channel function 28 , potentially by disrupting opening of the lower gate. Five missense variants found in people with ADPKD lie directly within the pore-domain region. Substantial changes in the charge and/or the size of side chains before PH1 (A615T (S5)), on PH1 (F629S, C632R and R638C) or at the N terminus of S6 (L656W) are likely to be pathogenic, because they would disrupt the pore architecture and movements that are required to open the pore filter (Fig. 6e) . Supplementary Table 1 and Supplementary Note. 85% of people with ADPKD have mutations in the PKD1 gene, which encodes a 4,303-residue protein, PC1, with a PC2-homologous, channel-like domain between Arg3666 and Glu4123 ( Supplementary   Fig. 1) . Modeling of the PC1 channel-like domain on the basis of the PC2 structure confirms that PC1 forms a similar overall fold to that of PC2 with a VLSD, a TOP domain and a pore region. However, PC1 is not thought to form a functional channel, and the presence of two arginine residues (Arg4100 and Arg4107) on S6, whose side chains are predicted to lie on the pore axis by the homology model, may contribute to the lack of channel function. Like PC2, the PC1 channel-like domain has many potentially pathogenic variants in the TOP, VSLD and pore domains (Fig. 6f and Supplementary  Fig. 7b) , thus suggesting that changes in the PC1 TOP domain and S1-S6 structure disrupt PC1 function. In addition to PC1 and PC2, there are six other polycystin-like proteins (PKD1L1, PKD1L2, PKD1L3, PKD2L1, PKD2L2 and PKDREJ) with TOP-domain structures that can now be modeled on the basis of the PC2 structure.
Further information on individual mutations is presented in
DISCUSSION
Many intriguing questions remain regarding the roles that the channel, VSLD and TOP domains play in regulating PC2 function, and regarding the differences in function of the PC2 homotetrameric channel in the ER and a PC1-PC2 complex in cilia and other membranes 23 . PC2 is regulated by diverse stimuli, including internal and external Ca 2+ , voltage, pH, membrane stretch and phosphorylation, and interactions with other channels and cytoskeletal proteins. Our structure of PC2, together with published mutagenesis data 28 , suggests that external Ca 2+ decreases monovalent cation currents by binding to Asp643 at the top of the pore filter. The structure of PC2 with an open pore filter, presented in Wilkes et al. 35 , provides an understanding of how Ca 2+ ions act as permeant ions and how the cytoplasmic EF hand regulates channel activity. Membrane stretch may affect the pore filter through movements of the S5 and S6 helices, as seen in the K2P potassium channels 50 , or through displacement of the TOP, and N-or C-terminal domains; TOP-domain movements have been observed between the closed and the two open conformations, and these changes may be involved in mechanosensitivity, as well as in Ca 2+ signaling 35 . Voltage sensitivity 21 ( Fig. 1e and Supplementary Fig. 4 ) may be mediated directly at the pore filter 51 or through lysine residues between the helices on the VSLD. Our structure also provides an understanding of how activation of the channel might occur, because an activating mutation, F604P 28 on S5 would disrupt a hydrophobic cluster between S5 and S6 on the two chains, thus allowing straightening and movement of the helices and opening of the lower gate, a mechanism similar to that seen for other TRP channels 31, 52 . The PC2 openpore-filter structures reveal two different modes of Ca 2+ ion binding and how the channel is regulated by lipids.
Shen et al. have recently published a structure of a truncated form of PC2 (referred to as PKD2) in nanodiscs 32 . That structure shows a closed conformation of PC2, with the fold and orientation of the TOP domain (referred to as the polycystin domain) similar to those in the closed structure reported here, thus providing independent confirmation of our findings and showing that structure determinations of the same protein in different laboratories, in detergent or nanodiscs, can yield very similar structures.
Our structure of the PC2 channel and associated loops reveals a new dimension to TRP channel fold and function. The loop between S1 and S2 of the VSLD, is in fact a highly structured domain with extensive contacts between the four TOP domains in the tetrameric channel, the VSLDs and the pore. Many ADPKD-associated missense variants that would disrupt either the TOP-domain fold or the TOP-TOP interface lead to loss of PC2 channel activity and trafficking of the PC1-PC2 complex 28, 49 . The TOP domain, VSLD and pore domain contain 27 of the missense variants found to occur in people with a r t i c l e s ADPKD, and several of the variants have been shown to cause loss of channel activity 28 . However, the possibility that some variants may increase PC2 activity cannot be ruled out, because overexpression of PC2 in mice also causes kidney cyst formation 53 . The structure of PC2 with its ER or extracellular TOP domain suggests potential channelgating mechanisms and improves the understanding of the function of the polycystin family of proteins and their roles in disease.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. and sharpened with a B factor of −150 Å 2 . Secondary-structure restraints generated by ProSMART 64 along with automatically determined local NCS restraints among the four protein chains were also used in refinement. No additional map sharpening was applied within REFMAC, and appropriate electron scattering factors were used throughout. The R factor and overall Fourier shell correlation of the model to the map were monitored during refinement (Supplementary Table 1 ).
The final model was validated with accepted procedures 65 . Briefly, each atom in the final model was subjected to a 0.2-Å independent random shift to remove model bias, and then this model was refined against one of the half maps output in the RELION 3D gold-standard autorefinement step. These half maps were filtered to 4 Å and sharpened with a B factor of −150 Å 2 (i.e., they were treated as for the postrefined full map used for refinement by REFMAC, as described above). The FSCs between the resultant refined model and either the half map used for refinement (FSC work ) or the other half map (no refinement; FSC half2 ) were calculated. For comparison, the 'unbiased' model was also refined against the full map (FSC full ). The FSC curves were calculated by running REFMAC for zero cycles with the appropriate model and the REFMAC masked maps. The close agreement between the FSC work and FSC half2 curves (Supplementary Fig. 2e) indicates that the refinement procedure was not overfitting the atomic model. Each chain of the final tetrameric model of PC2 encompasses the entire polypeptide chain between residues Arg213 and Asp702 apart from residues 298-303, which were poorly resolved in the map. This disordered loop region (EL2) connects α2 and the β1 strand in the TOP domain and contains two predicted N-glycosylation sites (Asn299 and Asn305, NAG1/2). In general, poor density was observed for the ends of the side chains for aspartate and glycine residues, and these were not modeled unless sufficient density was observed. There was additional weak density in the unsharpened map at the C terminus of S6, thus indicating some partial ordering of the remaining C-terminal residues (construct terminates at Asp723). However, the polypeptide chain could not be extended beyond Asp702 with any degree of confidence. The maps indicate that the S6B helix may continue for an additional two turns of α-helix to Lys710 (Supplementary Fig. 3h-k) . Additionally, density aligned toward the pore axis between the extended S6B helices is present, in agreement with a C-terminal two turn α-helix (Supplementary Fig. 3k ). However, it is unclear how these two elements should be connected, and the side chain density is insufficient to define the sequence register.
Although the protein used to prepare grids was enzymatically N-deglycosylated with α-l-fucosidase and PNGaseF, residual oligosaccharides are visible in the unsharpened EM map (Supplementary Fig. 3f ). Single NAG units were modeled attached to Asn328 (NAG3) and Asn362 (NAG4), whereas a dual NAG-NAG was modeled on Asn375 (NAG5). The remaining two reported glycosylation sites, Asn299 and Asn305, are located in a poorly ordered loop region. Asn299 was not modeled, and the density in the vicinity of Asn305 is not sufficient to model the glycosylation status at this site.
Crystallization, X-ray crystallography and labeling of exposed cysteines with mercury. Protein was concentrated to 16-17 mg/ml. Crystals were grown at 20 °C from sitting drops (250 nl + 250 nl) set up in 96-well format with a Mosquito crystallization robot (TTP Labtech) and protein/reservoir ratios of 1:1. The reservoir solution contained 28% (v/v) PEG 400, 1 mM methyl-β-cyclodextrin, 0.1 M sodium citrate, pH 5.5, 0.15 M lithium sulfate and 0.05 M sodium chloride. Crystals were dehydrated for 80 min over a reservoir containing mother liquor supplemented with PEG 400 to a final concentration of 50% and cryocooled by plunging into liquid nitrogen. To validate the sequence assignment in the traced EM maps (Supplementary Fig. 3 ), heavy atom labeling of accessible cysteines with mercury was performed with a final concentration of 5 mM ethylmercurisalicylate (EMTS). 0.25 µl of mother liquor (20 mM HEPES, pH 7.5, 250 mM NaCl, 28% (v/v) PEG 400, 0.1 M sodium citrate, pH 5.5, and 0.15 M lithium sulfate) containing 5 mM EMTS and 0.035% UDM was added to (75 nl + 75 nl) drops containing crystals. The crystals were dehydrated for 4 h and cryocooled as described above.
Crystallographic data were collected at 100 K on either the I04-1 (native) or I03 (EMTS soak) beamline (Diamond Light Source) with a fine phi slicing strategy and were processed with XDS 66 and AIMLESS 67 . Native crystals diffracted anisotropically with diffraction spots to 4 Å in the best and ~4.6 Å in the worst directions. The crystals had unit-cell dimensions of a = b = 128.87 Å, c = 132.73 Å, αβγ = 90°, and they belonged to space group P42 1 2 and contained one monomer per asymmetric unit. Data were collected to 5.5-Å resolution from a single EMTS-soaked crystal. The native data set was initially phased by molecular replacement with PHASER 68 with the TRPV1 pore S5-S6 region as a search model (PDB 3J5P) 30 before the EM structure was available, then subsequently phased with the coordinates of the EM model. Initial phase estimates were then used with the anomalous differences from the EMTS-soaked data set to calculate an anomalous difference Fourier map to locate the bound Hg atoms. A total of five mercury atoms were localized per monomer in the TM helices (Supplementary Fig. 3g ).
been reported for full-length PC2 channels 20, 27, 70 , thus indicating that this is an intrinsic gating feature of PC2. However, the distinctive rapid flickery nature of gating of the truncated protein, of which the intersubconductance state gating constitutes 90% of all transitions, may have been caused by the deletion of regulatory domains. Flickery substate gating has been reported to occur in the human TRPA1 channel after deletion of the first 688 residues 71 . In future experiments, it will be important to examine how specific domains, such as the EF hand or residues predicted to be glycosylated or phosphorylated influence the gating behavior and voltage dependence of the channel. The PC2 P185-D723 construct also retains other ion selectivity and permeation properties reported for the full-length protein, including block of K + current by Ca 2+ (refs. 20,28) (Supplementary  Fig. 4h,j) and block by amiloride 27, 28 (Supplementary Fig. 4i,j) . These results confirm that the truncated PC2 P185-D723 protein retains important functional features of the full-length protein.
Evaluation of ADPKD-associated missense variants. A list of point variants was obtained from the PKD Mutation Database (http://pkdb.mayo.edu/), and these variants were mapped onto the structure of PC2. Variants present in the NCBI SNP 48 and ExAC databases (http://exac.broadinstitute.org/) were excluded from the comparison. Missense variants were classified on the basis of their predicted structural effects (1, minor; 5, severe) of the amino acid substitution with a series of criteria including the nature of the mutation, its location in the structure and sequence-conservation considerations (Supplementary Table 1 ). For comparison, Supplementary Table 1 also shows the variant scores for the Mayo clinic database (http://pkdb.mayo.edu/). The scores are generally well aligned. In the case of PC1, mutations were mapped onto a structural model of its channel-like domain that was generated for residues Arg3666-Glu4123 with MODELLER 72 on the basis of the PC2 EM model and the alignment shown in Supplementary  Figure 1 . The description of severity of changes relates only to the overall structure of the protein but is not intended to be a prediction of changes in protein activity and does not relate to the severity of ADPKD. 73 and UCSF Chimera 74 . Pore radii (Fig. 4e,f) were calculated with HOLE 38 integrated within COOT 61 . Electrostatic surface potentials (Fig. 4a,b) were calculated with the APBS plugin within PyMOL and the PDB2PQR server (http://nbcr-222.ucsd.edu/ pdb2pqr_2.1.1/) 75 . Hydrogens and missing side chain atoms were added automatically to the refined EM model with ICM-pro (Molsoft) before electrostatic surface calculations. All electrostatic surface potentials were visualized in UCSF Chimera and colored between −10 (red) and +10 (blue) kT/e − . Conservation analysis was performed with CONSURF 36 with an alignment of 177 PC2 sequences.
Preparation of figures. Figures were prepared with PyMOL
Data availability. The cryo-EM density map is available from the Electron Microscopy Data Bank (EMDB) under accession code EMD-8200. In addition, the RELION half maps and B-factor-sharpened and filtered map used for model building are available as additional files in the EMD-8200 data bundle. The atomic coordinates of the PC2 structure are available from the Protein Data Bank under accession code PDB 5K47.
